Abstract Tree tomato (Solanum betaceum) is an Andean small tree cultivated for its juicy fruits. Little information is available on the characterization of genetic resources and breeding of this neglected crop. We have studied the molecular diversity with AFLP markers using 11 combinations of primers of a collection of 25 S. betaceum accessions belonging to four cultivar groups, most of which had been previously morphologically characterized, as well as one accession of the wild relative S. cajanumense. A total of 197 AFLP fragments were scored, of which 84 (43 %) were polymorphic. When excluding S. cajanumense from the analysis, the number of polymorphic AFLP fragments was 78 (40 %). Unique AFLP fingerprints were obtained for every accession, but no AFLP fragments specific and universal to any of the four cultivar groups were found. The total genetic diversity (H T ) of cultivated accessions was H T = 0.2904, while for cultivar groups it ranged from H T = 0.1846 in the orange group to H T = 0.2498 in the orange pointed group. Genetic differentiation among cultivar groups (G ST ) was low (G ST = 0.2248), which was matched by low values of genetic distance among cultivar groups. The diversity of collections from Ecuador, which we hypothesize is a center of diversity for tree tomato, was similar to that from other origins (H T = 0.2884 and H T = 0.2645, respectively). Cluster and PCoA analyses clearly separated wild S. cajanumense from the cultivated species. However, materials of different cultivar groups and origins were intermingled in both analyses. The Mantel test correlation coefficient of the matrices of morphological and AFLP distances was low (-0.024) and non-significant. Overall, the results show that a wide diversity is present in each of the cultivar groups, indicate that Ecuador may be regarded as a center of accumulation of diversity for this crop, and confirm that AFLP and morphological characterization data are complementary. The results obtained are of value for the conservation of genetic resources and breeding of tree tomato, as an assessment of the genetic diversity and relationships among different cultivar groups and geographic origins is obtained.
Introduction
The tree tomato (Solanum betaceum Cav.), also known as tamarillo, is a small tree cultivated for its edible, slightly acid, fruits (Bohs 1989; Prohens and Nuez 2000) . Tree tomato fruits have a high content of ascorbic acid, provitamin A carotenoids, and vitamin B 6 , as well as a high antioxidant activity (Vasco et al. 2009) , and are mostly consumed in juices after being peeled and squeezed with water or milk. Although tree tomato cultivation and consumption is popular in many places in its native home in the Andean region of South America (Bohs 1989) , it is considered as a neglected crop (National Research Council 1989) . In New Zealand, the tree tomato crop was introduced as a new exotic fruit crop and its production and export have increased during the last decades (Boyes and Strübi 1997; Prohens and Nuez 2000) . In citrus growing areas of the Mediterranean regions of countries like Spain or Italy it has been envisaged as a promising alternative fruit crop (Prohens et al. 2004 ). In US markets it is a minor fruit oddity.
Despite this interest and potential, research on tree tomato diversity, conservation, and breeding has been limited (Bohs 1989; Pringle and Murray 1991; Cohen et al. 2000; Enciso-Rodríguez et al. 2010; AcostaQuezada et al. 2011 ). To our knowledge, there are only two previous reports of the study of the morphological (Acosta-Quezada et al. 2011 ) and molecular (EncisoRodríguez et al. 2010 ) diversity of a meaningful (i.e., [20) number of accessions. In the morphological study, we developed and used 39 quantitative descriptors to assess the diversity of 24 tree tomato accessions from five cultivar groups which originated in different countries (Acosta-Quezada et al. 2011) . Among these accessions we identified some agronomically interesting accessions, i.e., with good fruit set, large fruits, and attractive fruit shape, and found a considerable diversity among accessions for most of the descriptors, with the greatest variation and heritability values occurring for fruit traits. Furthermore, we found a low morphological differentiation among cultivar groups. Enciso-Rodríguez et al. (2010) studied a collection of 26 accessions (mostly of Colombian origin) of S. betaceum with five polymorphic orthologous nuclear markers. Using this limited number of markers, these authors found a high degree of homozygosity and a high genetic differentiation (almost no sharing of alleles) among accessions. Unfortunately, no information was provided about the cultivar group of the accessions used for this molecular characterization.
The availability of morphological and molecular characterization of the genetic resources diversity is of great relevance for the enhancement and breeding of tree tomato, as both types of characterization provide distinct and complementary information (Hillis 1987; Mohammadi and Prasanna 2003) . The present study examines AFLP variation of the accessions used in the morphological study of Acosta-Quezada et al. 2011. As little genomic information is currently available for tree tomato, and no SSR or SNP markers have been developed for this crop, we used AFLP markers, which do not require previous genomic information (Meudt and Clarke 2007) . AFLPs have the advantage that in each run a high number of fragments can be scored and that they have a higher reproducibility than some other markers, like RAPDs, and do not require genomic information (Powell et al. 1996; Jones et al. 1997) . AFLPs have been successfully used for assessing the genetic diversity of other Solanum crops from the Andean region, like potato (Solanum tuberosum L.), tomato (Solanum lycopersicum L.), or pepino (Solanum muricatum Aiton) (Milbourne et al. 1997; Tam et al. 2005; Blanca et al. 2007 ). They have also been used to establish breeding and conservation strategies for horticultural crop landraces (Portis et al. 2012 ). The information obtained will be relevant for the conservation of genetic resources and to helping identify breeding strategies and opportunities for the tree tomato.
Materials and methods

Plant material
A total of 26 tree tomato accessions, of which 25 correspond to cultivated S. betaceum, and one to the wild relative S. cajanumense Kunth (outgroup), were used for AFLP characterization (Table 1) . The cultivated accessions belong to four cultivar groups as defined by Acosta-Quezada et al. (2011) : orange, orange pointed, purple, and red. Twenty two of the S. betaceum accessions used here were previously morphologically characterized (Acosta-Quezada et al. 2011) . The plant material used in this study was originally collected in seven countries and provided by Table 1 Tree tomato accessions studied, cultivar group, origin (including province or department and country), and availability of morphological characterization data (Acosta- the material was selected to represent a diversity of cultivar groups and geographical origins, and an special emphasis was made in including Ecuadorian accessions, as a wide variation has been reported in this country (Bohs 1989 ). An ample representation of Ecuadorian accessions was included in order to study the diversity present in this country compared to that of other origins, comprising Peru, Colombia, Bolivia, New Zealand, Portugal, and Spain (Table 1) .
Molecular characterization
For each accession, genomic DNA was isolated from a mixture of young leaves from five plants evaluated using the CTAB method (Cetyl Trimethyl Ammonium Bromide) (Doyle and Doyle 1987) . DNA concentration was quantified on agarose, and a 0.1 lg DNA sample was digested by the enzyme combination EcoRI and MseI at 37°C for 2.5 h. Ligation was performed with the AFLP Core Reagent Kit (Invitrogen Corp., Carlsbad, California, USA) following the instructions of the manufacturer. After ligation, the reaction mixture was diluted 1:10 in Tris-EDTA (TE) buffer. For the preselective amplification, a 5 ll aliquot from the 1:10 DNA dilution was added to a 25 ll solution containing 2.5 ll of 109 buffer, 1 ll of MgCl (25 mM), 0.5 ll of primer EcoA (10 mM), 0.5 ll of primer MseC (10 mM), 1.0 ll of dNTPs (10 mML), and 0.8 U of Taq polymerase (Roche, Basel, Switzerland). After preamplification, DNA was diluted another time 1:10 in TE buffer. The selective amplification was performed on 2 ll aliquots of the former solution using eleven combinations of primers (Table 2) . DNA fragments were separated in an ABI/PRISM Ò 377 genetic analyzer (Applied Biosystems, Foster City, California, USA). Resulting fragments were scored as binary traits (1 = present, 0 = absent) using Genographer v. 2.1.4. (Benham et al. 1999 ).
Data analysis
Pairwise genetic similarities were estimated with the Dice similarity coefficient
where a is the number of bands shared by i and j, b is the number of bands present in i and absent in j, and c is the number of bands present in j and absent in i (Mohammadi and Prasanna 2003) . The resulting genetic similarity matrices were used to generate an unweighted pair group method using arithmetic means (UPGMA) phenogram (Sneath and Sokal 1973); goodness of fit of the resulting phenogram was evaluated with the cophenetic correlation coefficient by using the Mantel (1967) test. In addition, a principal coordinate analysis (PCoA) was performed. UPGMA and PCoA analyses were conducted using the NTSYSpc2.0 (Applied Biostatistics Inc., Setauket, NY, USA) software package.
Genetic diversity in the S. betaceum cultivar groups (orange, orange pointed, red, and purple) and in different geographic origins (Ecuador vs. other origins) was estimated with the total genetic diversity (H T ) (Nei 1973) . Total diversity was partitioned into diversity among (D ST ) and within (H S ) groups. The relative magnitude of genetic differentiation among groups (G ST ) was calculated as the ratio D ST /H T (Nei 1973) . Genetic distances among the S. betaceum cultivar groups were calculated according to Nei (1972) . Calculations of genetic diversity and genetic distances for the cultivar groups were performed using the POPGENE 3.2 software (Yeh and Boyle 1997) .
In order to study the relationship between morphological (using data obtained by Acosta-Quezada et al. 2011) and molecular (using AFLP data from this work) differences among accessions, a Mantel (1967) test was performed by comparing the distance (Euclidean) matrix based on morphological data and the genetic distance (Dice) matrix for the 22 accessions of S. betaceum used in both studies. Calculations were performed using the NTSYSpc2.0 software.
Results
AFLP analysis
The 11 AFLP primer combinations yielded a total of 197 fragments ranging from 56 to 303 bp, of which 84 (43 %) were polymorphic and informative (Table 3) . For cultivated S. betaceum, i.e., excluding the wild S. cajanumense accession A15, the number of polymorphic loci was 78 (40 %). The number of polymorphic AFLP markers obtained by each combination of primers ranged between 2 and 19 ( Table 3) . The combinations with a greater number of polymorphic loci were ACA/CAC (19 markers) and ACT/CCA (14 markers). The polymorphic AFLP fragments have allowed obtaining a unique genetic fingerprint for every accession. When studying the number of AFLP differences among pairs of accessions, we have found that the differences between the wild accession A15 and the cultivated accessions ranged between 51 (with accessions A25 and A33) and 24 (with accession A40). When only the cultivated accessions were taken into account, the number of differences among accessions has ranged between 41 (for accessions A26 and A38, the former belonging to the red group and the latter to the orange group) and 7 (for accessions A39 and A40, both of which belong to the purple group). The wild accession A15 presented one AFLP fragment which was absent from cultivated material and lacked five AFLP fragments that were universal to S. betaceum material. However, no AFLP fragments specific and universal to cultivar groups (i.e., present in all accessions of one group and absent from all other groups) were found.
Genetic diversity
The total genetic diversity (H T ) of the 26 accessions was H T = 0.3194. When excluding the wild accession A15, the genetic diversity of the 25 cultivated accessions was H T = 0.2904. When considering the (Table 4) . Genetic differentiation (G ST ) among the four cultivar groups of S. betaceum was relatively low (G ST = 0.2248), matched by the low values of genetic distance among cultivar groups (Table 5 ). The orange group presented the greatest values of genetic distance with other groups. When considering the genetic diversity according to geographical origin, we found that H T of the material collected in Ecuador (H T = 0.2884) was similar to that of the rest of origins combined (H T = 0.2645) ( Table 4) . Genetic differentiation between accessions from Ecuador and those from other countries was very low (G ST = 0.0712).
Multivariate analysis
The correlation coefficient between the cophenetic matrix of the UPGMA phenogram and that of genetic distances was 0.95, which is considered a high value (Rohlf 1996) and indicates a good agreement between (Fig. 1) . When considering only S. betaceum accessions, we found that the two basal branches separate accession A26 (red cultivar group, collected in Ecuador) from the rest. The branch containing the remaining 24 accessions is subdivided into two other sub-branches, one of which contains only two accessions (A39 and A40, both of the purple cultivar group and from New Zealand), whereas the other subbranch, with 22 accessions, reveals that accessions of the different cultivar groups or origins are intermingled (Fig. 1) . A phenogram excluding accession A15 showed a very similar topology.
The first three components of PCoA accounted for 21.5, 13.1, and 7.7 % of total variation (Fig. 2) . The first coordinate separated accession A15 from the rest. In agreement with the UPGMA phenogram, the PCoA plot also shows that the first coordinate also separated accession A26 (red group, from Ecuador) from the rest of S. betaceum accessions (Fig. 2) . This first coordinate also shows that accession A37 (purple group, from Portugal) is situated between A26 and the rest of accessions, which are clustered in the right part of the graph. Accessions included in this large group present a wide range of values of the second and third coordinates, but as occurred in the UPGMA phenogram, there is no evident separation of accessions by cultivar group or geographic origin (Fig. 2) . Odd accessions A26 and A37, which present similar values of the second coordinate display very different values along the third coordinate (positive in A37 and negative in A26). In contrast to the UPGMA analysis, in which accessions A39 and A40 (purple group, New Zealand) constitute one of the basal sub-branches, these two accessions are here intermingled among accessions of the main group. A PCoA analysis excluding A15 (S. cajanumense) gives the same interpretation.
Comparison between morphological and molecular characterization
The availability of morphological characterization data from a former study (Acosta-Quezada et al. 2011) carried out with 22 S. betaceum accessions studied here allowed us to examine the correlation between the matrices of morphological and AFLP distances and AFLP similarities. The Mantel test correlation was of -0.024, a very low and non-significant (P \ 0.05) value.
Discussion
Our work represents the first study of genetic diversity within and among different cultivar groups of tree tomato. It also allows comparing molecular data and morphological data based on criteria established by Acosta-Quezada et al. (2011) . The accessions studied here represent a broad range of provenances along the Andean region, from which this crop originates (Bohs 1991; Bohs and Nelson 1997) , as well as countries where the plant is also cultivated.
Given the lack of genomic information so far available for tree tomato, including a limited number (five) of polymorphic COS II markers (Enciso-Rodrí-guez et al. 2010) and a complete absence of SSRs and SNPs, the use of AFLP markers has proved appropriate for the study of genetic diversity in tree tomato. We found differences in the number of markers and degree of polymorphism among the combinations of primers used, which is typical with AFLPs (Meudt and Clarke 2007) . For the eleven combinations of primers we scored a total of 78 polymorphic AFLP markers within S. betaceum, which has allowed us to study the diversity and relationships of cultivar groups and different origins. Similar studies in other Solanum crops, like potato or eggplant (Solanum melongena L.), examined the diversity and relationships of germplasm using less polymorphic AFLP markers (Kardolus et al. 1998; Veteläinen et al. 2005; Muñoz-Falcón et al. 2008a) . However, it is also worth mentioning that the level of polymorphism found in cultivated tree tomato (38.6 %) has been lower than the value obtained in another neglected Andean Solanum species, pepino (S. muricatum Aiton), in which AFLP polymorphism reached 100 % (Blanca et al. 2007 ).
The five AFLP markers found to be monomorphic in S. betaceum were distinct from those found in S. cajanumense, which indicates that, as in other Solanum crops (Lara-Cabrera and Spooner 2004; Furini and Wunder 2004; Spooner et al. 2005; Blanca et al. 2007 ), AFLPs may be of great use for studying taxonomic relationships in section Cyphomandropsis. As in other crops, like eggplant (Muñoz-Falcón et al. 2008b , no specific and universal AFLP markers have been found for cultivar groups of tree tomato. In this respect, SSRs have proved more useful to detect specific and universal markers for a cultivar group (García-Martínez et al. 2006; Muñoz-Falcón et al. 2008b . AFLPs produce a unique genetic profile for each of the studied accessions, which would be useful for the identification of cultivated and wild germplasm (Kardolus et al. 1998; Furini and Wunder 2004; Blanca et al. 2007) . Furthermore, as in other Solanum crops (Rodríguez-Burruezo et al. 2003 , the use of AFLP based genetic distances among accessions could be useful for obtaining heterotic hybrids of tree tomato, by selecting parents situated at large genetic distances.
The genetic diversity found in tree tomato shows that there is considerable diversity within cultivar groups, and a relatively low genetic differentiation among groups, which has important implications for the conservation of genetic resources and breeding of tree tomato (Soller and Beckmann 1983) . For example, these results indicate that an important part of the diversity in the species could be preserved by conserving only a few accessions, even if they belong to the same cultivar group.
When Ecuadorian versus other origins are compared, similar levels of genetic diversity and a low level of genetic differentiation are found, showing that despite the fact that Bolivia is considered the center of origin of this crop (Bohs 1991; Bohs and Nelson 1997 ), Ecuador contains a high level of diversity, indicating that this country is a center of accumulation of diversity (Harlan 1992) for tree tomato. The low genetic differentiation among geographical origins may be a consequence of prolonged exchange and trade of seeds and fruits among different regions. Also, the great range of different environments and microclimates along the Andean region, even within the same geographical area, would have favored the accumulation of diversity and lack of genetic differentiation among regions.
Both UPGMA and PCoA analyses show that the S. cajanumense accession is clearly differentiated from S. betaceum. However, they show that different cultivar groups, or accessions from different geographical origins, do not cluster in separate branches in the UPGMA phenogram or areas in the PCoA plot. The lack of clear grouping of accessions according to cultivar groups or origins together with a low genetic differentiation are commonly found in other Solanum crops, like potato (Veteläinen et al. 2005) , tomato (Mazzucato et al. 2008) , eggplant (Prohens et al. 2005) , or pepino (Blanca et al. 2007 ). The results obtained from UPGMA and PCoA analyses are largely in agreement. The small differences are only the result of the different methodologies employed in both types of multivariate analyses and point out the complementarity of both approaches to study relationships among accessions (Mohammadi and Prasanna 2003) .
Correlations between morphological and molecular data are usually very variable and dependent on the crop, plant material, morphological descriptors and molecular markers used (Mohammadi and Prasanna 2003) . The correlation between the morphological distances obtained from 39 quantitative morphological descriptors (Acosta-Quezada et al. 2011 ) and the molecular distances resulting from 78 polymorphic AFLP markers of 22 accessions of cultivated tree tomato in our study is not significant. Lack of morphological-molecular correlation has been found in other solanaceous crops, like potato (Veteläinen et al. 2005) or pepper (Geleta et al. 2005) , as well as in others, like olive tree (Olea europaea L.) (Hagidimitriou et al. 2005) , barley (Hordeum vulgare L.) (Lund 2002) , or sorghum (Sorghum bicolor (L.) Moench) (Geleta et al. 2006) . The lack of correlation between the two data sets suggests that morphological descriptors and AFLP data sample different levels of diversity in this crop and in consequence the information obtained from both types of data is complementary and in any case useful for the conservation of germplasm and breeding of tree tomato. Morphological markers sample traits for which variation may be controlled by few genes (Doganlar et al. 2002) , while AFLPs mostly detect point mutations in non-codifying regions of the genome (Meudt and Clarke 2007) . Wendel and Doyle (1998) suggested that the lack of correlation between morphological and genetic distances may be caused by the fact that morphological and molecular evolutions follow different paths. In consequence, the use of both types of data in tree tomato is convenient for managing germplasm collections and for the establishment of nuclear collections (Brown 1995; Ghislain et al. 1999) . Also, it has been demonstrated in other solanaceous crops, like eggplant (Rodríguez-Burruezo et al. 2008) , that AFLP genetic distances are better than morphological distances to select parents to obtain heterotic hybrids. It remains to be investigated if this is also the case in tree tomato.
In conclusion, AFLPs are useful for tree tomato germplasm fingerprinting and reveal that a wide diversity is present in each of the cultivar groups, which show a low level of genetic differentiation. The high diversity found in Ecuadorian accessions indicates that this country can be considered a center of accumulation of diversity for this crop. Finally, the lack of correlation between morphological and AFLP data shows that in tree tomato both types of data are complementary. The results obtained are of interest for the conservation of genetic resources and breeding of this promising neglected Andean crop.
